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SYMBOLS AND ABBRVIATIONS 


magnetic flux density in core 

alternating voltage driving magnetic amplifier 

voltage at signal winding terminals 

magnitude of step change in ©, 

magneto-motive force 

instantaneous current in main winding of core A, parallel connection 
instantaneous current in main winding of core B, parallel connection 
instantaneous current through load 

instantaneous current in main windings in series connection 

current in signal winding, all connections 

inductance coefficient including core dimensions 

number of turns per core on main windinzs 

number of turns per core on feedback winding 

number of turns per core on signal winding 

operator KS 

Laplace operator 

ratio of feedback ampere-turns to load ampere-turns 

instantaneous value of flux in core 


"firing" angle, electrical angle after beginning of cycle at which 
saturation level of core is reached 


permeability determined by slope of B-H characteristics prior to 
saturation 


(iv) 








CHAPTER I 


INTRODUCTION 


The advent of magnetic amplifiers into the field of servo 
mechanisms has served to emphasize a major disadvantage of these 
devices, their slow speed of response. At present all magnetic 
amplifiers are current controlled devices, making the response pro- 
blem basically that of changing the current in an inductive-resistive 
Signal circuit. Few generalities can be made about the characteristics 
of these devices since individual amplifiers vary widely in types of 
core materials and circuit arrangements. The tyre of load will affect 
the operation of any given amplifier. For these reasons specific cir- 
cuit arrangements have been chosen for study. 

Any analytical determination of the characteristics of non-linear 
devices can be at best approximate. Validity of the results will 
depend upon the variation of the actual behavior of material from that 
assumed in the analysis. Frogress in the development of saturable 
reactor core materials has brought the actual behavior of these materials 
into close conformity with that assumed in several mathematical analyses 
(3, 6, 7, 9). The assumptions made on the behavior of core material 
will determine the type of analysis to a large extent. Another con- 
sideration in choosing an analytical approach is the form in which the 
results are desired. For example, the response characterisitcs may be 
expressed as response time, that is the time elapsing between the 
application of a step voltage at the input terminals and the attainment 


of a new average level of flux density, or by an expression for the 
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instantaneous value of signal current. Up to the point of introduction 
of the assumed B-H relationships, the types of attack to the problem are 
similar in that voltage equations around the several loops of the circuit 
are written in terms of the resistances, number of turns on individual 
windings and time rates of change of flux in these windings. The simpli- 
fied analyses ignore the effects of leakaye flux and hysteresis as well 
as the variable forward resistances of rectifiers where employed. 

A group at Carnegie Institute of Technology including D. W. Ver Planck, 
M. Fishman, D. C. Beaumarriage and L. A. Finzi (7, 8, 9) have investigated 
transients in magnetic amplifiers by assuming a hyperbolic sine function 


to represent the B-H characteristics of certain core materials. From the 


relationships 
8 
= 12° Vedt y=) Deco stan 
1 108 . t d 
such that Oe sinwt + @, 
or B= Bm Ssinwt + B, 
and fe Siac eta 


This group has developed an expression for the time required to change 
the direct component of flux density from an initial value Boomte 
another value Boy of the form 
A —s S fe Ce Box 

Uud v Rv Ae a 2 Nalee Re 4 cosh But -— rn Sith Bot 
for the series connected amplifier with external feedback where 

A = cross section area of core 

U,u, are constants referring to the B-H characteristics 
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L 


Nv 
Ne¢ 


length of mamnetic circuit 


number of control turns and bias turns on separate windings 


number of feedback turns 
N2 = number of turns on main winding 

Tv = final steady state value of control or bias current 

m,n = coefficients obtained from the expansion of the B-H relation- 

ship in modified Bessel functions. 

It is indicated that a similar analysis can te made on the parallel 
reactor circuit. While this type of analysis will predict the time in- 
volved in a change of output level, it does not point to the influence of 
the various circuit constants on the instantaneous value of signal current 


y 3 
other than to show the increase in response time as> © is increased. 
v 


To demonstrate the direct influence of the oh ratios a different attack 
en the problem may be justified, even though the assumptions on the 
magnetic behavior of the material are not as realistic as those made above. 
If the B-H curve is assumed to consist of two straight line portions 
intersecting at the knee, or saturation "point", the inductance parameters 
are then treated as linear over two separate regions and the instantaneous 
current expressions may be derived f2- the circuit conditions existing 
for any combination of current direction and state of core. Thistype of 
analysis has been well illustrated by Lamm (7) and Krabbe (6). Its basic 
disadvantazes are its failure to describe operation over the curved portion 
of the B-H characteristic and the difficulty in fitting boundary values 
at the region limits. However, if the current disturbances caused by the 
assuned sudden change in value of parameters do not materially alter the 


currents in respect to those which would exist for a slower change in 
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parameter as described by more accurate B-H approximations, the response 
characteristics should be in reasonably close actreement. 

A simplified analysis described by Reyner (9) of the series connection 
is based on an equality between signal ampere turns and load ampere turns 
and on the rate of change of net average flux over a complete cycle with 
respect to the change of load current. The source of this analysis is 
the work of Atkinson and Gale (1). The circuit described is the series 


arrangement shown in Figure 1, employing the following values: 


Ga 2 f and @, = Eee ounct 


Basic assumptions are a rectangular B-H characteristic in which the in- 
cremental permeability is infinite up to the saturation level, then zero 


thereafter, and the equivalence 


a Ny = De NaCl- ) 


Te Ne 
To Na 


where of is the feedback ratio 


Letting gp represent the mean value of flux, the voltage equation re- 
presenting conditions in the signal circuit over a considerable number 


of cycles becomes 


Na 2 faa 
B45 Ray ae as <4, De) 


or, employing the equivalence of signal and load ampere-turns corrected 


for feedback, 


. Na (I= &) Rg Na do (G-G )dte 
mae Ng Ta + lee ae: 


During the "off" portion of the cycle, when both cores are in the un- 


saturated condition 








Figure 1 


Series Connection 
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» and for core B saturated: 


d De 
dt 


so that over one complete cycle 


Pat Do=2Beat., or D,- be = 2 (hog = Da) 


where 
re ar 
Ds > S Do dwt 


From the flux waveform resulting from the basic assumptions, it 
7 ae 
is found that D. TAT? D amax. 


If Y is the value of wt at the instant of saturation of core EB, 


¥ 

8 

OR dem | Sin mt dwt 
a BW 


8 
De ayo 1 Fa man C\ ~ cos y ) and Since Psat. 


is independent of time and firing angle 


= Oo 


& (b,-be) == 2 dD, = d Pamax ea os 10° Eamax Sine 


dJ¥ d¥ 2 Na w 


r 
the average value of output current, J], = a i, dwt 
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in 

i 

ae I, = 2 is re \ sinwt dwt because the output 
= y 


current is zero during the portion of the cycle (O -¥) in which the 


permeability is infinite. 








= = OF Eames sin Y 





then er 
dd} wm Re 
dS (¢-¢,)- 4(46,-6,)4¥% = Eamaxlo’sinY w Re 
aly Fr Pe) = alt! dIa QNe@ 2h Ese oin 
Rania 
4f No 


Resulting in the following equation for E ee 


Fj NaCica)Ra 7, —RaNs dle 
Jae Ng 4f Na dt 
yielding bee =e [i-é ee 
: Rg Na (l-a) 
Ra Na 
h SS ee 
— RaNZ (i-x)4F 
= Wake. 
the power gain, G ~ I*R, and from the equivalence 
d Nd 
Gee 
expression, = (1-x)° NZ Ry 
a 
so that T=G (1- x) 4g 


This time constant pointedly demonstrates the dependency of the normal 
response characteristics on amplifier gain. The presence of frequency 
in the denominator indicates that the time constant expressed in cycles of 
driving voltage is uniquely determined by the gain. It can be seen in 
review that the frequency is introduced by the fact that the flux 

{l 








developed in either core during the "off" portions of a cycle depends 
inversely on the frequency and that the rate of change of net average 
flux with change in firing angle (W) retains this dependency, whereas the 
rate of change of average output current with respect to firing angle is 
independent of frequency. 

The assignment of a precise time constant to any transient occurring 
over a given cycle in saturable cored circuits is somewhat misleading 
since the length of time during the cycle in which a core is saturated 
varies as the signal current is varied. Time constants may, however, be 
assigned to transient currents in certain zones of circuit behavior as 
defined by the degree of saturation of the cores and the action of the 
rectifier bridge, Krabbe (6) Chapter 11. These time constants will serve 
to indicate the rate of change of the direct component of signal current 
in these zones. In the absence of any assumed or proved relationship 
between signal ampere turns and load ampere turns it may not remain clear 
that the output level, or average value of load current, depends on the 
value of the direct component of signal current. This fact is, however, 
the principle on which is based the use of d.c. controlled reactors in 
amplifiers. A determination of the instantaneous values of signal current 
and its direct component is a difficult matter when using any method. 

It is perhaps made more difficult by the assumption of a two~-region 
straight line B-H characteristic, but it is felt that this approach makes 
the influence of the turns and resistances of the separate windings on 
the rates of change of signal current more apparent than other methods 


which may give more satisfactory quantitative results. 








Summary 


To demonstrate the influence of certain factors on the rate of change 
of the direct component of signal current, hence, on the output level of 
external feedback magnetic amplifiers, a simplified analysis of two common 
circuit arrangements, namely, the parallel connection and the series 
connection, is made. The analysis is based on the assumption of a B-H 


characteristic for the material in which 


S86 is constant until the knee is reached, after which 
dB * 
=m 18S zero. 








CHAPTER II 


ANALYSIS 


1. Assumptions 

The theoretical B-H curve assumed for core material is shown in 
Figure 2. 

Two separate cores are used in both the parallel and series arrange- 
ments in Figures 3 and 5. Cores are labelled A and B. Each core has 
Nj turns in the load winding, Ny turns in the feedback winding and N3 
turns in the signal winding. The cores and windings are symmetrical. 

There is no leakage. 
Hysteresis effects are negligible. 

The rectifiers present no resistance to current in the forward 
direction and infinite resistance to reverse currents. Note in this res- 
pect that rectifier resistance to forward current could be included in 
the resistance of the branch following the rectifier. However, since 
this forward resistance is variable, it will be ignored. 

The load is a pure resistance. 
2. Parallel connection 

A schematic diagram of the parallel connected, external feedback, 
magnetic amplifier is shown in Figure 2. The current i, is that flowing 
in the load winding Nj, on coil A, whereas ip is that flowing in the load 
winding Nj on coil B. The term Ry is the sum of Ry, Rp and Rp. When both 


i, and ip are positive, the voltage equations are: 
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Figure 2 





Figure 3 


Parallel Connection 
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Figure 4 


Main winding currents, parallel connection 
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The terms ah dso may be written 
10° dt 








dds div 
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where Jd Ds = Nw ba and d Oe = Ny fe 





d ty dty 
K = Bol area of core cross gection 
i 1o8 magnetic length of Core 
From figure 1: Ma= Ms=p before saturation of either core, 


pa= Oo, Me =m after saturation of coreA 
pe= ° ) e- pM after saturation of coreB. 
The time region in which 1, and lp are both positive during a given 
cycle may be divided into three zones: 
Zone I: Pa =Ma=p > currents increasing 
Zone Ii: Ma= O ; Me=hM 
Zone IIT: a= Me=p » currents decreasing 
The subscripts |! Fa nul will be applied to currents and voltages 
a@xisting immediately before the corresponding zone boundary is crossed. 
It may be seen that the voltage equations for Zone I and Zone III are 
identical except that e,, ¢ Ew and Lys Fbyu (except by chance). For 
15 








a step input in signal voltage En = C,m 
Manipulation of the equations will be simplified by the use of 
Laplace transforms, employing the notation 
POG l= 2 
and adopting the identity qa= K Mad where S is the Laplace operator. 


The transformed voltage equations are 


E,+Ya = Laa(nit nS+ qs nt +R, JT,4 [aq Na(N.#N2)~G yNa(N-N2)+ R,+tR Jig 


+ [4 N3(N+N2)+ Fe N2 N3li; 


€,+ Yo = La aNe (N,+N2) - $8 N,(N,-N,)+Ro+ Re digt [gait ga (M-n.) + Rrlig 


ap Lan Nz Weg DNS (n,-N2)] i, 


€,+Y3 = Lan Nz (N+ Nad+de N2N3 lia + [Eq aNaNs = 4° Nz (n,-n2)] ie 


+ Lgand +goNs +Ral ts 


where 


= + La, (Ni+ N2) ae he Ne diye Us + Lg, N2(N,+N2)~¢ Na (Ni Na} Ua! 


< 
> 
| 


ota + Lg Nz (N, +N.) + 4e N2N; | ee 


Ye== [aaa (NitNa)— Qo Ni(M-N2)d Ege t g l4n N; +96 (NNr) Lig: 


EL pemrengens(armellis 


Y3 & Cqans (N+ Na)t Go NeNsdigt + = [qaNaNe~gaNs(Ni-NaViigs 
+ 3 LgaNs + 40 Ne cg? 
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for Zone I and similarly for Zones II and III with appropriate subscript 
notation for initial currents. 

The transform expressions for all currents in Zones I, II and III 
have been developed (Appendix I). 

When both ig and ip are negative, the current equations are similar 
in form to those given here except that ip will behave as iy in the both 
positive zones and ip will behave as ip in these zones. The behavior 
of signal current, iy, will be unchanged. In the intermediate, or commuta- 
tion, zone one of the primary currents becomes negative while the other is 
still positive and a new set of voltage equations is required. These will 
be developed later for Zone IV. At the beginning of commtation after 
the both positive zones, Lev will be zero. At the beginning of Zone I 
for the both positive condition t,' will have some positive value other 
than zero, whereas tg’ will be zero. 

As noted in the introduction, the output level of the amplifier 
will change as the direct component of signal current changes such that 
the response characteristics of the amplifier may be determined by the 
time variation of the direct component of signal current in response to 
the voltage impressed on the signal winding terminals. For example, if, 
in response to a step input in signal voltage, the direct component of 
signal current reaches 90% of its final value in t seconds, the average 
value of load current will be at or above 90% of its final value less than 
one-half cycle of load current later (that is, over the next and success- 
ive "on" periods). 

Letting Ras Ret Ro ie 

oe Rp = Rr + R2 + Re 
in Zones I and III: 
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= smieeats e gNe of aa + G4Na + | a 
a os Rar Re R 
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5 2 2 2 3 
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(b 


ry * ok ee 
ge (M28) oe ae rn 5205] 
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if R, is approximately equal toR,+R,, that is if R, is much smaller than 


Ry , then 1+ em is approximately 2 
ae 


and, letting 











Ni is Ne Nz 2Ns 
= a,= Arz= Ln S—S= 
Qo Re ) i] R, j z Ri } 3 R; 


the direct component of le may be written 
E A ’ 
a [ooa.g +(e.4+0.)4 t i] + | mee 9° + a34] 
S{ a.(a,+4s)q? + (a+ a. +@3)¢4 + | ] 


where i;' is now the value of the direct component of (, existing at 


the end of the zone preceding. The denominator has the form 


sft, tq) + (T+ Tg + 1 
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inwhich Tj and T, are always real. This expression is vaiid for a step 
input (E3) in signal voltage occurring at or before the initial zone 
boundary. The resulting transient will consist of two components of the 
L-R form having time constants Kur) and ee which may be obtained by 


use of the quadratic formula: 








a VE Hat 4+ alia sie! We eee 
Ao Q,+as ~\V as Go (A,+ Gs) Ca a )e 
where “~~ = Nz. . For the case a= 
Ni 2 ) 
ale, = ao ce = a, + Az 


In Zone II, after saturation of core A 


= | | 
=" R. | N? 2.N2(N,-N,) Nz 
3 ee ee — Rose ich Seah evhdt 
+( Rp u z ) =) 


ole ae 
= N3(N,- 2Ne) No We 2 N2(N,~N2) 
le, 4 Re oe ex ($7 (1+ 8228+) vy Re +i}+ 


tata Na _ be" N ae a Ne 
= oes Let g Ns (M-N2) ¢ 48" GN3 


For a step input, E> the denominator of the direct component takes the form 


5(Tq + 1) 


if R, is much smaller than R,, 


_f Nz — 2a (NN) Lo) 
T=(# en eae): 


which is equal to one-half the value of Ty + Ty for Zone I, minus the term 


2N, Na 
Re 


ay 








The time constant of the resulting transient is KyT. 


The D. C. component of is in Zone II is 


= oe b,)a+! | + laa bs 





here 
Ged ea ee i 
= No = 2.N2(N,— Na) a Ne 
a Tae omer 


and 3" is the direct component of t3 at the end of Zone I. 

The voltage equations given above are adequate only to the terminal 
boundary of Zone III. This boundary is determined by the time at which 
one of the components of load current changes sign, (Figure 4). For 
the case above considered, in which both components were initially positive, 
ip tends to go negative first. The voltage equations for the commutation 
zone may be set up by reversing the sense of ip in the feedback loop 


inboard of the rectifier bridse. Thus for Zone IVs 


ene + Ya = [aq (ni tenn tans )+ Rolie + [24 Nn. (No-N)-R+R. Jig 


a [4 Nz (N,+2N,) Ji, 


Ew t+ Ye = [24 Nz +R. +R. dig + Lo(nre2nr)+R,-R.t Ri dig 
— [ans (ipo 2Ne | 


Ea Y; = [ans (nit 2a) ] iy ~ [ans (tem rig 


Lees N; +R; li; 


since the crossing of the initial and terminal boundaries of the commutat- 


ing zone involves a rearrangement of the circuit rather than a change in 
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the parameters; the initial conditions, Ya Ye and ¥3 » become more compli- 
cated than those heretofore considered. Since the object of this analysis 
is a description of the form of the direct component of signal current 
rather than a means to evaluate this component point by point, it will 

be necessary to determine boundary conditions only where a discontinuity 
in the dc. c. component of the signal exists, namely at the initial and 
terminal boundaries of Zone II, in order to determine the form. Thus, 

at the boundaries of Zone IV, with linear parameters obtaining throughout 
the zone, and with the smooth switching effect inherent in the assumptions 
on the rectifiers, the direct component of signal current may be seen to 
be continuous. For simplicity the coefficients of the numerator of ts 
will be indicated rather than determined, with the order of the numerator 


preserved, noting that (,on both sides of the initial boundary equals tz. 


letting Rp! = R,+2R. ana 


No+ ANE N, (Ny +22) Dine 
dia= =a ; ale = —2 2 d, = ae 
P t 3 


a - ee +G% tl 
acd S[d, (ditds)q*+(d.+d,+4s)gt! J 


The denominator has the form 
$ [1 4 + (T,+T2) 4 a] 


in which a ¥ dy and Tp = do + d3. 
The resulting transient has two components with time constants os nae 


and KM (da : d3) respectively. 
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The argument for continuity of i3 within this zone holds only if 
the step input E3 is applied at an instant of time external to this zone. 
If, with the circuit in steady state, a step E3 is applied within Zone IV, 


the direct component transform is 
8 Ld, (di tds) q*+(d, tditds) q+! | 


= ute 
3 (d,+d,) 


The equations for ie may be readily obtained for a step input E3 


and 13 jumps to when the step input is applied. 


occurring within the other zone boundaries. To determine the behavior 
of the direct component of signal current at the boundaries, it will 
be expedient to limit the expressions for ic to include only such terms 
as affect the direct component, namely the terms in @, and lz, ls", 
etc., defining lees Lz" etc. as the value of the direct component reached 
at the preceding boundary. Assuming the currents to be initially in the 
steady state such that Ls! is constant and applying the step E3 as the 
initial boundary of Zone I is crossed, the progress of i3 across the suc- 
ceeding intervals may be traced. 

In Zone I, the term 


Lqulecas Gc + a34l 
S(Tiqt!)(Tqt!) 


transforms to zero in the time equation since (3' has been assumed constant, 


thus 


lie a ee 5 
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there will be a jump in i, to the value = 2S 
3 (} lea 


is applied. At the boundary of Zone II, i3 has reached the value igu 


at the instant 53 


and 


L = 
3 S[(bi-betbs)q+! ] 
another jump in 13 will occur, to the value 
E s 
BR (bi~ ba) + ign bs 
b, a bat b; 
Again, as the boundary of Zone III is crossed, i 


Es ? 
Pe ee 


jumps to the value 


3 


a,+ a,” 
By subtracting from the values acquired on crossing the boundaries, those 
which existed on reaching the boundaries, the magnitudes and directions 
of the jumps in the direct component of signal current at the limits of 


/ 


Zone II may be found: 


Initial boundary Terminal boundary 
E . E ; 
en Bienw) (Bri) o 
Magnitude of jump: ~<“3——“ in ic. neni came 
b, - b, +b; a,+ Oz 
Direction: up (if E3 is positive ) up 


The change in the direct component of signal current may be described 
as a curve with discontinuities at the boundaries of Zone II and with 
varying slopes dependent upon the effective time constants in the separate 
zones. The pronounced jump occurring in the signal current when the step 
change in control voltage is applied has been noted and recorded on 


oscillograms by Beaumarriage et al. (3). 
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3. oeries connection 

A schematic diagram of the series connected, external feedback, 
magnetic amplifier is given in Figure 5. Since ig and ip are the same 
for this connection, only two voltage equations are required for Zones 


I, II, and III. These are developed in the same manner as for the parallel 


connection. 
ety = L qe (Nit Na) + Ga (NOeN: ice Rell, 
+ L yA Nz (Mi +N.) — 45 N3(N,-N2Y |Z, 
Sau Y3 = Las N3(N,+N2) ~ qs Nz (N-N2)]C, 


+L4aN3 + 40N3 + R51 i; 


where 
5 A t i t ‘ 
ve = ey (N,+N2) + qe CNs-N2) l= = LgaNs (Mi+N2)— Gg Ns CN, Na)] a 
ia’ i 
Y3= [4a N; (N, +N.) aie N;(Ni-No = + Lda N5 + Hs N; ] a 
Be, = R, +R + Ry R, is now the sum of the internal resistances 


of the main A and B windings. 
In Zones I and III, 


and 


as 7 yg ( 
U ‘ 2 N3 
fae poe (Se Se | 








@s' [ 2N+2N, 0 4 4) _ Ey 2NaNs “Uy 2NANs 
al Ry 47 7. ee ae Rabie 


iy (2M 2 iN Bg Ee wu ¢ | 
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if we let a,= 
the direct component of ics becomes, for a step input E;, 
41 
#[(a.+a.)9+ | + is'[a.4s 4 + a3q| 
S[a,a; 4 +(@,+a.+ a3)4 +1 | 
The denominator has the form 
Zz 
s(T 124+ (+214 ii | 


in which Tj and To are again real and may be found by the quadratic 
formula. 


In Zone II, Haz Os jes 4 and 





A : | = Cb, gt!) 2 =e Ng (nN, - Na) 
: (b+ bs)qt! Ay Ry 
cya Nz (N, — Na) + L “" bs 
S Ry 4 vs 
2 Z 
in which b, = BeBe and b; = Ne 
ats 3 


For a step input E35 the direct component of signal current becomes 
&3 : 
"RG (b,4+ 1) + ge bq 
SL (b,+b,)4 +1] 


As the commutation zone is entered, all the elements in the rectifier 
bridge become active and all the current in the feedback loop no longer 
goes through the load. To describe conditions in this zone, it will be 
necessary to adjust the voltage equations to account for that portion of 
the feedback current which does not flow through the load, but appears as 
a circulating component in the feedback loop. At the rectifier terminals, 
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i, flows in from the main windings 

i, + i, flows in the feedback windings 

i, flows from bridge to load resistor 
Noting that i, flows across the rectifier bridge between the feedback 
terminals, the voltage equations may be simplified by observing that the 
drop through the feedback windings is zero in this zone. The adjusted 


voltage equations are: 


a+), = Laan, CN, +N2) + qe Ns (Ni Ne) + Ree Rai, + LaNita Gemmell, 


as [4a N,Ns ~ He NNs lis 


o+’%: = U4. N,(N,+N,) — qe Na (N,-N.)+R,]7,+ [qaNet+qoWe +Rali, 


+ LanNaNs es NAN lis 


e+ Y; = Las N,(N,+N, ) ae he N3(N,-N2) | i + LqaNeNs +40 Na Ns | be 
+LqaNs + qeNstRs liz 
Throughout the zone Ha = Ve = % and these equations reduce to: 
e+, = [2qn+R +R Ji, re) £96 
9h rae N 2 = = 
O+ Y¥2 = [2qne + RiJi, + [2g 2+R, 17, + L2qNeNs Ji, 
e5+ Ys =[2qnensJi, + C2zqWNsti, + [24Ns +Rs]i; 
Realizing that the direct component of signal current will be con- 
tinuous across the commutation zone, including the terminal instant of 
Zone III and the initial instant of the succeeding Zone I, as was discussed 


for the parallel connection, the form of the transient response in this 
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This jump is upward, the amount 
(2 - te) by 
b, + bs 
At the terminal boundary of Zone II, 13 reaches the valuei gu ° 
On crossing this boundary, 


a,azg 
a,a3 





is — Lam 


that is, i, is continuous acress the boundary. Within Zone II, the transient 


3 
direct current level has but one component with time constant Kn (b,+b,). 
On entering Zone TIT it resumes the two-component form which it had in 


Zone I. Then, in the commutating zone, the two components are modified, 


assuming the time constants 


ZKPN, ain K Ce n 2N3 
R,+ Re Ae Rs 
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CHAPTER III 


CONCLUSIONS 


The futility of assigning a time constant to the transient change in 
the direct component of signal current occurring within a cycle of driving 
voltage has been demonstrated. Nevertheless, some conclusions may be 
drawn from the sectional characteristics developed in Chapter II. 

The fact that larger time constants apply to the transients developed 
within the separate zones in the parallel connection than those in the 
series connection indicates that, with identical elements, the series 
connection should give more rapid response. However, the variations 
in direct signal current level due to the discontinuities encountered in 
the parallel arrangement on application of a step change in signal and on 
crossing the boundaries of zone II may be much greater than the sum of 
the changes occurring by continuous increase across the separate zones. 
This effect will rapidly diminish as the signal current approaches its 
ultimate d.c. level. The initial portion of transient response in the 
parallel circuit may thus be more rapid than that of the series circuit. 

When the transient consists of two components of opposite sign, the 
component having the greater time constant has the larger magnitude, but 
the effect of the smaller component is a depression of the transient 
current at the beginning of the response, such that the resultant response 
is slower than that characterized by the larger time constant. This may 


be shown by considering the transform 
IT ( As*+ Bst!) 
s[T.1,57+(+h)s +4] 


jase 


yielding the time function 


at at 
- mae ("7 -B +T. Je ‘1c _ (A4,-B+tT,)€ ty, 1 
7 Ta - 7, Te, Sy 
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in which (4 -8+T.)>0 


T2 
and Geely) © 
and ii 


The component having time constant Ty will be greater than that having 
time constant 1, whenever 


(LaCie ie 





This condition is fulfilled wherever this form of transient is encountered 
in the parallel or series connection, as long as a transient exists. 


It should be noted that any improvement in response characteristics 


N 


achieved by variation of the 


ratios of the various windings will 
normally be accompanied by a decrease in power gain. The number of turns 
employed in the feedback winding may have only a minor effect on the 
response characteristics, but this number if limited by its effect on 

the stability of the ampiifier. Excessive feedback produces a condition 
in which nearly full output is received at no signal and very low gain is 
obtained. 

The difficulties which would be encountered in an extension of this 
method to a quantitative analysis are readily apparent. For this reason 
the results appear to be almost incapable of numerical verification. 
Experimental determination of the direct component of signal current is 
severely hampered by the relative magnitude of the alternating component 


of signal current with respect to the change in the direct component. 
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APPENDIX 

1,.Parallel connection. 

aes [ga (No+Na) + gNe + RrJi, + [gn ne (NitNa) + ae ae Nat ee 
4 Lg4Ns (N,+N2 +g o Men. ie 

E, + ¥s = [gana (NrtNe) + aeNa(Wa-Ni) + Ror @ilen + aaa tgalni- M2) + Rr Jig 
+ le NaN3 +a N3 (N2-N,) J t, 


Czt Yz= [te Nz (NitNa) + QeNa aes ata [4 Nz Nt 98 Nz Geen ine 


+ Loans +g 0 Ns +R] ls 


where; Rr = R,+ Rot Re and 


Ya ,¥e8,¥s are terms in initial conditions 


In zones J and a= go> 9 and €, = E, sinlwt+ 6.) or Go Om) 


e,+Ya= [4 (N?+2N,No+ZNe ye arliaee [2g Ne+Ret+R lig 


af Le Nz (N,+ 2 N2)J is 


@,+Ye [2g ur + Rave + [gn 2 ina +2Nz)+Rriig 


a Ly Nz (N,-2 Mesut 
Ee; = Ys = ly N3 (Nit ZNa) 1 bq a Ly NG CNEONL IA Le 


+ [2g Ne+Rslis 
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APPENDIX 


GD yesh = ~ a erat Pape 
1. Parallel connection. 


a} 


Initial conditions not Specifically determined for zone I 


For zone II: 


Ya = Sale ban/, 24Na Hons + 4N5(N +2N2)'3"/y 


Ye = 24 Na ue + ¢ (Sr -2N\Nz +2NZ) LO" /e ~ gNs (N,-2N2) 63" 


¥3 = 8 Na(N,+2Nq)Ea"g - 5 Nz(N-Z2N,) 68/5 + 24 N3 lam Z 


_-~e4 N2NzR, + G3 [ 9" nf + (nw? SHIN a jiRe + NC Rp + R, Rp | 


q* CNG (No Rs +2N3 Ri) + g Line +4NZ)RgR, +NZR3Rp + ZNFRRelt RRGRp 


Fa an fj N3(N +2Na)R,Rp ~ g* Ni (N2N3 Rr + N,N3 Ro +#N\Nz3RL) | 
8 { gf [NP(WaRa+ 203 RY] +g LONE FANE) RSR, FNP RGRp 4 2NER RH] RASA} 


* =-Ugm [43 (N 2N2)RiRe | + is" L2gNcN3 R, +29N3 R,Rp | 
{ qr INP(N?Rs + 2N§ R,\| + a [(NC+4NE )RsR, +NORSRp + 2N3 RARel+R Rs Ret 
Where Re - K, +R, + ORE 
&3 = E, 
Et R 





Rz 3$ ) the direct com ponent transform 1S 
4 2 
Gs [oa & _2NC | O4Ne | on, (2 
is = Rs E RRe® OR, eerie Se Bie I+ igus tReR; *P Rs ;} 
a] N? We ane |g a , 4NE | 2Ne 
sft ee Ry bf ER Rp aor 








APPENDIX 
1, Parallel connecison, <a 
@, at initial boundary of zone I is £,sin(wt+6,) sa that 
@€, for zone ET # &, for other zones, 
For zone IT : 
2 + Ya = Lgar RrJiy + Ly Na (N2-N)+RetRlig + Lg N2N3 1] 5 
E.+Ve = Lg Na (Wa-N)+Ra Rolin t F (N,-N.)'+ Rr Tot Lg Ns(W2-N,)| ie 
&,+Y3= [gm Ns lin Lg Ns (na-W.)] is + LqNs+Rs }is 


= N? bat/g + g Na (N2-N,) LB" /s +9 NaNs La" /g 
Ye = 4g Na(na-m)'a"/s +9 (N-Nay YS + ¢ Nz (Na-M,) ba" 
Ys = 4 N2 Nz Law/g a4 Nz (N2-N,) 6B 2 5 N3 La"/g 


i = [3 Ng(N.- 2N2)R, | + z,[4%" Rr- 24 Na (N.-Na2)R, + R, Re | 
3 = -_—_oe'— O oO 


| NX Rz Ry = 24 Na(N,-N2)RiRs ba qN3 R. Re ata R,Rz Rp 
ian [QN2NaRiRe] - ign [Na (Ni- Na) RiRe | err [43 8 Re] 


+ 
S$ { 4 [NPR Ry —2Na(Ni-N2)R,Rz + Nz RiRp | oe teh ese Ref 


Ife,= EF, , the direct component transform is 


zo a lint es ae + islt § é 


a= 
= 2 No (N, — Na) Ng 
$ {4 eat a) Re + R, ate ‘ 





BS 








eS 


In commutation zone , 4° = $574 and sense of ig is 
reversed in feed back foop. 
C+Va = [g€nieznne+2nz+RrJ i, + [2g N2(N2-N)- Rae +R. 17% 
+[gns(nit2nay lis 
a ee [24 No +Ra+Ri ligt Lg n+ 2Nz) +R, Rot Gales 
- [4 Nz (N,-2N2)] Lg 


eC, " Y; = [4Hs(ni+2na)] iZ =i N3(N,tZN°) | ie + [2gN3 + Rz] & 


Intrial CONDITIONS Nor SPECIFIED FoR zone IV 


- [¥s-Ya] 4 Na [Nit 282] (9 (N+ 4N2) + R,+ 2A] 
3" CN2+2NNoICNC+4NS IR, + 4" fons I(N7+4N2]R, + 
3 CONZ+4N2 RRs + (Nt +2N,N2)R3CR, +21) + 2N5 R,(RFZRLDI + 
R, Ra (R,+2R,) 


Same denominator 


+ 


Form of direct component transform: 


ts = ee SS a 
(Ni+4Na)(Ne+2NNa)  2N3(N NG (siete ¢ NteZNn Mn Na, 2) 
fq] R,(R,+2R) R3(R,+2R0 TEL R 2k. R, R; | 
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2. peries connection. 


For zones [I , and If 


eeaye = L 4a (Nit Nad +8 g (N\-Nay tee, [ga Ns (NitNz)~ gp Ng (W.-W) Cs 


eae ye = [qa Na (n+ Nn)" N3(Ny-Nadli, + Ca, N3 + 48 Ni + Rs | Os 


For zone I , @,= £,sin (wt + 6,) , initial conditions not specified. 


477 9873 
ie = [é,+Y¥s][2 (N7+NZ)+Rr] — C2, +¥.] [2g %2 Na) 
4 g*Ni Ns + 2g LONI tM Re + No Rr] + Rs Re 


ie 43‘ept= Ea , the direct component transform becomes 


Cie BeleMee + 1]- baby 


le = eae 
2Nr ZN3 2Ne+2N2 } 
8 ‘ie Rs Onl mg © Rr 


with terms in Y, and Y3 due to alternating currents suppressed. 





For zone If ) Y3 3 29 N2Ns Ly fs P 24 Ns isfy 
y= 2g (N+ Nz) y + 24 N2Ns bau 
and direct component transform i8 


is = Zz is eee ma erence (ra +9( Ns 


2] 


+9(2 
oHialGe tial g{ SANE BMS. ; aaa \ 










ot 








APPENDIX 


2. Series connection. 


In zone , qa=o ,4e=9 , &\= E, sinta@t + 6,) (Weems 
é,+y = [4 (N,-Wa) + Roca (3 N3(N,-N2) 1 C5 

é, = ~ CS Nz (Ni-Nadl dy + [qns+Rs] fe 

ee 4 (N-N2) ife - g Na (Ni-Nz2 Vb 3t"/s 


Y3 > “4 Nz (Ni-N2) ba /S + g Ns L3"/s 


os = Lé3+ Yai (Mi-N2) + Re] ne Lé,+y If Nz (Ny-N2) | 


gL (N.-N2) Ra + NZRr] + RgRr 


and the direct Com ponent trans form is 


2 


(N)-N2)° . N 
i eleva tt] + iw f3 8] 
(N= Nz) Nz 
$14 | aces fot | 


Commutation is reached when the voltage drop through 


ul 
tl 


the feedback loop becomes zero. Thus,in zone IV, 
the feedback current is no longer equal to ules 
but may differ from i,, and will be called i,in the 


voltage equations for this zone. 44 = Ze = 3 


E+¥,- Lan Ni (Nt Mad¥g AMC -NE) +R ¢ Rave, + [gaNiNe-geNNe] i, + Ke NiNs~ 8.8 NN], 
Y, = (4, No (Nit N-Sq N2(N,-Na) #Rz Jc, + [ya Ne tgeNat Rolie ae NaNs +49 NaNs] cE, 
C3 tY3 = Laas (Nitta) - $e N53 (NPN2)IZ, Sr 1s NiN3 +38 NoNs J ig ote [g4 Nava Na+ R3] fie 


Initial conditions not Specified. 
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APPENDIX 
2. Series connection. 


fee [és ys lied Na “1 | _ y; (ia NaN | 
aC2NrRs + 2NSR,1+R Rs 


ie @3 = Es ) 


- fie +X sig +1 ]-[e sls ae] 


ee 2Nz 4 2/NE 
s|4 Ra ao | ely 
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